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A16hTlRACT

This report decie ai xei etlann tijeor t ica 1iveti

gat ions; o1 the interact ion of projct ilets an1d tighltx~eikt armor. "I'

armor of nert is a \vI.r haird and ielativolY illflexItle facint !plak

(ceramic) La-nded to a fle xib le backing pl1ate (fibher glass oi- almiinIIII

The t heoret icol 1 oik concerns:

1) develLopment ot' anl analytical model. Lor describing the
restraining- mechanlisms of the armor and for prediction
of ballistic ]i;,,it

( )che-ckout and u.se of a simple, comput er code, for obtaining
stress ieL in bri ttle laci ng pla tus and projectiles
caused by impact at normal inicidence.

The exmerimental koik concerns;

(1) the( USe ot hi ,h-speed pihot ogiaphy and flIashi X-ray
techniques for s-pecific investigations such as observing
fracture colloids in facing plates

(2) c02molst rating that stresses in curamic facing plates
canl be measured by mangani n stress gages.
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I INTRODUCTION AND SIMARY

A. Introduction

This report+describes a continuing experimental and theoretical

investigation of the interaction of hard steel projectiles and light-

weight composite armor. The armor of' interest consists of a very hard,

relatively inflexible, facing plate of ceramic (aluminum oxide) bonded

to a ilexible backing plate (fiber glass or 6061-T6 aluminum alloy).

The ultimate objectives of this investigation are to describe the

mechanisms of interactior and to determine their dependence upon material

and geometric properties.

This work is a continuation of earlier ",ork carried out at Stanford
1

Research Institute. Based on experimental and theoretical results

reported in Ref. 1 and results of this study, a description of the

sequence of events that occurs when an ogive-shaped hard steel projectile

strikes composite armor with a ceramic facing plate backed by a flexible

plate is as follows:

1. The tip of the projectile is shattered into man), small
fragments (1 mm). Shattering occurs because radial and

circumferential tensile stresses greatly exceeding the
fracture stress are immediately set up at the tip. These

small fragments move radially across the surface of the

c'eramic face at about twice the proje,-tile velocity.

(These fragments carry off about 70 of the kinetic energy

in the case of the all-steel projectiles used in the
experiments.) Shattering also causes an increase in the

projectile-plate contact area (due to the ogive shape)

and consequently produces a spreading of the load on the

plate.

2. Comminution and fine cracking of the ceramic facing
material spreads from the impact zone because of an

expanding fi2ld of large tensile stresses; this field

fol.ows a compressive wave front. Ceramic powder is
,jected from around the projectile impact area. The

volume occupied by fine cracking is conoidal in shape.

,

Part I Is Reference 1.

I



3. Cracking at the face opposite to the impact zone develops
rapidly. Initially, this cracking is predominantly radial,
because th, expanding tensile stress field has large circum-

ferential stress components moving ahead of oth(r stress

components. The density of cracking decreases away from

the impact zone because of geomctrical attenuation of the
tensile stress field and, apart from some radial cracks,
is lrgely confined to a conoidal-shaped volurms.

4, The projectile and broken ceramic exert pressure on the

flexible backing over a circular area with a diameter a
little larger than the diameter of the fracture conoid base.
The backing absorbs energy initially by bending and

ultimately by stretching.

The extension of the work of Ref. 1 reported here concerns.

" Creation of a simple analytical model to describe the
restraining mechanism of composite armor and to
predict ballistic limits (Section II).

" Checking and extension of a computer program for

describing stress waves generated in projectiles

and facing plates by impact (Section II!).

* Further experimentation with a high-speed camera and an
X-ray unit to describe projectile-armor interaction

(Section IV).

• Study of the use of manganin stress gages to establish

stress profiles in ceramic facing plates (Section V).

B. General Conclusions

A simple analytical model has been formulated to describe the

restraining action of composite armor. Experimental observations and

results are used in the formulation but it may be possible in the

future to replace this portion with a simple theoretical description.

Predictions of ballistic limits are reasonable ,nougn to justify

pursuing this approach in armor research.

The computer program of Ref. 1 that describes elastic stress

waves it projectiles and hard facing plates has bon chocked in special

impact cases by comparison with two other progrxms. The program has

also been extended to include a yield condition. The stress distri-

butions are compatible with observed fracture patlerns. To complete9I



t he (Ie,;er-i 1t iOil, resea rch is necessary to e stablIishI a f racture cri ter.'oil

for in'c lust on In the computer program.

Experim-fent s with ceramic plates have providod evidence th at if the

p1 ave is thick enough an integral fracture conold is punched out by the

p1LJeV le.Low impact v'elocity experirnents with glass blocks and mild

telprojec~i Ics also show the formation of an integral fracture colloid.

This colloid Shape is independent of the impact velocitY and is probably

:strong function of the plate sound velocity. Thus, armor experiments

cani he designed using glas;s facing p1 nus to study breakup of opaque

ceraImic facing plates.

Use of manganin stress gages is feasible for establishing compressive

wav'e fronts in ceramic facing plates. The results are invaluable for

correl1at ion Wv th theoretical predicti ons.

3



II RESTRAINING ACTION OF A FLEXIBLE BACKING LAYER

A. Introduction

When i projectile strikes the hard ceramic facing of composite

armor, most of the momentum is spread over a circular area, the diameter

of which is dependent on the mechanical and geometrical properties of

the projectile and ceramic facing. The fiber glass or aluminum alloy

backing that is bonded to the ceramic is a flexible layer that bends

and stretches to absorb the kinetic energy of the projectile and broken

ceramic within the circular area. Experimental observations indicate

that for much of the motion the backing remains bonded to the ceramic

fncing outside the circular area thus confining most of the kinetic

enurgy absorption to the backing within the circular area. Consequently,

the backing can be analyzed as a circular membrane or plale fixed at the

circular boundary and having an initial mass and velocity distribution.

B. Analytical Model

A simnle model for describing the action of two-layer composite

armor is illustrated in Fig. 1. The projectile is idealized to a short

cvlindiical rod with a diameter equal to that of the armor-piercing

core. The diameter of the circujlar area of the backing over which the

momentum is spread is taken as the base diameter of the fracture conoid

in the ceramic facing. Finally, the backing is assumed to respond as a

circular membrane. The mass of the membrane is approximated by a uniform

rmass that is the average over the circular area of the sum of the masses

of the projectile, ceramic conoid (approxtmalely conical), and the

backing laver within the circle, The velocity distribution is associated

with the fundamental mode of vibration of the circular membrane with a

peak va Itie determined by momentui'n conservation.

5l
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F:GURE 1 DESCRIPTION OF ANALYTICAL
MODEL

The analysis of the membrane is contained in Appendix A. One of

the results obtained is the following simple formula for the maximum

strain : :
r

= 1.82 • f(a) • K/S (1)
r

where f(a) is a simple ratio, K is the kinetic energy of the pro-

jectile before impact, and S is the constant tension in the membrane.

In terms of the projectile mass NI , projectile velocity V , ceramic
p p

mass per unit area m , backing mass per unit area m , conoid base
c m

radius a, backing material yield stress ,, and backing thickness h ,
m

6 i



K = M V 2
p p

S = 11

"a2 '9

1(9) = N1(V * (m + 7a J"a
p c

*i

An a pproximation tO ex)e i rl7,ental .eSUIts roported here for :luimi num oxidhe

is 7t hw conoid h~is& rdiwI: o '- 2h whre 1 iS I JiLe orojecti le
7) C i)

r:ldius "111 11 is the ceramic thickness (see F g. 1) . The iehavior of the
C

backing waterial is taken as rigid plastic, which is reaso.nable for

6061-T3 aluminum alloy, a commonly used material in composite armor.

BY using a maximum strain failure criterion in the backing material,

Iormula (1) predicts a ballistic limit

V = [.: S'0.91 N1 f(a) I1/ 2  (2)p r p

C. Armor Weight Optimization Using the Analytical Model

The simple analytical model c~n be used to minimize the areal

density of a ceramic-aluminum armor. This optimization is now described

for a standard 0.30-caliber AP (Armor Piercing) projectile with a n ass

V 10 g. The radius of the idealized cylindrical projectile is taken

as the radius of the core of the AP projectile, that is, a = 0.125 ine-h.p

The fracture strain and yield stress for the aluminum alloy backing
19 '9

material (6061-T6) are taken as - = 0.15 and 0 = 3 x 10 dvnes/cm2

2

(14,000 lb/in2). The remaining properties required, the densities of the
g/ 3 3

ceramic and aluminum, are z = 2.7 g/cm and = 3.6 g cm

m c

For a given backing or membrane thickness h , a projectilem

velocity V producing strain c = 0.15 in the aluminum is predicted

by torimula (2) for each chosen value of ceramic thickness h . Thus
C

curves of the type shown in Fig. 2a are readilv obtained. Figure 2a

shows three curves corresponding to membrane thicknessec of' 1= 1 8,
• m

1,1, Snt 3 8 inch. If the prJectile velocity Is 3000 ft 'sec the

ALIMInuM oxide AD9,1, manufactured by Coors Porcelain, Golden, Co1orado,

7
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1I e(jI I Itd ( c TIIIf C t IcII t'5' akIIes e ICco II I I 10 1. I thesew 111IeI1brant' t IIh ei l n sst's

7r 0 I5,15, 0).44I, and 01.385 Inch, as indicated in Fig. 2a bN, the

Ve F It i C a 1 dsiAd 1he (1i0s . F igur e .!) sho;A s a Curve through t he se Ceriami c

andI( a luminum thickness points. Plott ing instead the ar 'Al delsi tv

4 1 of the arm11or against the aluiminum thicknesc; r~esults in the

upper(' C111 \U shiowni il Fiig. 2c.

f he upper curve in lig, 2c showks that thet prediicted liii mum areal1

deis it v requi red to de teat an (1.30-call her AP project ile impacting at

300t Ift sec is ahout 5.7 g cm (11 3 lb'ft) ,11the thicknesses of' the

curi ae and( alIUi num being about 0).4'7 and 0 .20 inch . For an Impact

I oci tY of 2800 It 'sec th-se quant it ies are 5.5 g/cm 2 ( 11 .0 lb,' ft 2

0. 15 inch, anid 0. 20 Inch . Ballistic test results sihoW that the ballistic

limit is 285(0 i. 50 ft stec f'oj ceramic and aluminum thickne sse- of1 0.34

and 0.25 inch giving ani areal1 densi t of' .4.82 g cm '( 9.S lb/f t ). Thus

for the exNample of' composite armor consisting of aluminum oxide facing

and 6061 -T6 aluminum a I bY backing being impacted by an 0.30-caliber

AP projectilec, thle simple ana lyt ical miodel provides approximiate thick-

nlesse s fol- minimium wkeight foi- each projectile velocity.

I), Coac lus ions

The above example demonstrates that a simple analytical model can

be uIsefull for approximate ballistic limit predictions, It is n1%lY'aS

possible to refine a model but onlY at the expense of simplici tx.

Future wkork should concentrate onl goeraiting possible alternat ive models,

finding the degree of refinement attainable before simplicity is for-

feited , and incor-porating newAly acquired theory whenever it canl simplyN

replace empirical relations. The latter improvement applies to the

determina tion of the ceramic cone size in the model described above.

The construct ion of' analytical models should be guided] by experimental

observations and numerical soluti*ons of impact problems-, and thle pre-

dict ions corre lated with experimental results,. Once confidence has been

established in a model it may he used toi- predictions.



'Al STRES WAVES IN A PROJECTILE AND BRITTLE FACING PLATE

A. Introduction

2

In Ref. 1 a numerical scheme 2was adopted for solving finite-

difference analogues of the elasticity equations governing stress wave

propagation in a steel projectile and a ceramic layer caused by axial

impact (projectile idealized as a circular cylinder). Because analytic

solutions for this impact problem are not available the above numerical

scheme was tested in this project by correlating results "ith the results

stemming from a different numerical scheme. Agreement between the

results of the two computer programs was found to be satisfactory.

Another check on the compater program %as performed by comparison with

results from SRI PUFF 2 code for the special case of one-dimensional

plane strain waves caused by the impact of two plates. Again, agreu-,: ,t

was satisfactory.

Tfwo sets of results are presented below. In the first set (Figs. 3

and 4), principal planes within the projectile and facing plate are

indicated wherever the maximum tensile stress exceeds about 7 kbar.

The orientations of these planes indicate tne probable fracture planes.

The results given in Fig. 3 and 4 are refined and extended versions of

results already reported in Ref. 1. In the secoJ set of results (Figs.

5 and 6), a von Mises yield criterion has been employed, which has the

effect of limiting the distortional component of stress (as opposed to

the hydrostatic component of stress) acting on each material element.

After a s5earch of the literature on fracture it was decided that infor-

mation was insufficient to incorporate a meaningful fracture criterion.

It is believed that this situation can be remedied with an experimental

program with ceramics that establishes spall thresholds fru., re'lection

of uniaxial strain waves generated by plate impact.



B. Theoretical Results

The data used in the compiutatians of stress fields caused by

rod-plate impact at 2000 ft sec are:

Plate Rod Uni ts

Material Al oxide (AD94) steel

Density 3.6 7.8 g/cm
3

Young's modulus 39.6 x 10 6 30 x 10 lb/in2

Shear modulus 15.8 Y 106 11.6 x 106 lin
2

Bulk modulus 26.4 x 106 23.8 x 106 lb/in 2

Poisson's ratio 0.25 0.29

Dilatational velocity 31,300 19.300 ft/sec

Yield stress 1150 x 10 3  100 x 103 lb/in 2

(compress ve)

Yield stress 43.5 x 103 100 x 10 lb/in
2

(tensile)

Thickness 0.34 in

Di ameter 0.24 in

Figures 3 and 4 correspond to elastic material behavior. Each of

the nine diagrams in each figure displays a meridional plane at a

certain time and the lines and dots indicate where tensile stress

components have exceeded 7 kbar. These stress components act per-

pendicularly to the lines shown in Fig. 3 and perpendiculawly to the

meridional plane in Fig. 4. Thus Fig. 3 shows the probable characters

of axisymmetric fracture patterns whereas Fig. 4 indicates where radial

cracking is likely (but not of course how many radial cracks will occur).

Figures 5 and 6 correspond to elastic-perfectly plastic material

behavior, and it is seen by comparison with Figs. 3 and 4 that intro-

ducing a yield condition has the effect of reducing considerably the

region where fracture is likely.

12



I

C. Coli 11.! 1 oil

.A\ . imple computer program for solving the axisvinetric equattons

Of tla.SticitV, %kith or without a yteld criterion, predicts stress

field In brittle facing plates and projectiles compatible %i th

observed fracture patterns. The program is of value for:

1. Correlation of predictions with experimental results.

0. Providing a basis for including a fracture criterion

onct, one has been established.

3. Guiding the formulation oi a sirple model for the

facing plate mechanism.

13
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FIGURE 4 HOOP STRESS LOCATIONS WHEN TENSILE STRESS EXCEEDS 7 kbar
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Yield Criterion Included
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Yield Criterion Included
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IN' EXPE.RIMENTA L 01SERVIATIONS OF PROJECTiLE-ARMTOR IMPACT

A. Jilt IOduICtiOn

ImIpac t e.xporiments wore conducted withI 0,.30- and 0.4.58-caliber

project iles and target plates of aluminum oxide, boron carbide,

a lumiimi oxide backed by I ibc'r glass, a lumninum oxide backed by (061-T6

a] utitnum111 alloy, and glass. 'Ihel( inluac t events were recorded by X-ray%

or framing- came -ra. The objective of the experimentsa was to record

breakup and deformation characteristics of projectiles and composite

arwor facing and backing plates. These characteristics not only con-

I ributce to the uinderstandlinjg of projectile/armor inite.ract ion but are

indi spenisable for formulating a theoretical description of thQ inter-

aictioni, both bly simple analyt ical rnod'-Is and numerical analysis with

computer codes.

The main experimental parameters are listed in Table I . Each of

the figures in the following pages which show radiograph records,

(except for Fig. 20) consists of a sequence of from t'',o to five events,

and each event represents a different but identical experimient.

A summary of the conclusions based on the experiments listed in

Table I follows the d]iscussions.

13. IDiscussion of Experimental Results

Figure 7 shows an 0.458-caliber projectile impacting an 0.233-inch-

thick (loramic tile at a velocity of 1800) ft/sc'c and] at normal incidence. The

impact stresses cause a shattering of the nose tip and shorten the

projectile, which xkas originra llv 1-1 1/16 inches long by about 5, 16 inch.

The diameter of' the breakup area of the ceramic is about 1-1/~2 inchos.

Figure 8 is a similar sequence of events except thant the tile, is 0.375

inch thick. Not only has the projectile tip shattered but the r ?-

uainder of the projectile has broken into two or three large pi4eces.
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The diametetr of tilt, hreakup areOa or" the ce I'lllic hi 11 it fiCl'e-ast'd to 11)Mnh t

I-7/8 inches. A third similar sequetlice o[ e vent s Is shown in Fig. 9

with a tile 0.60 inch thick, the maximum tlhickiitts used in th,, experi-

ments. The projectile has now fractured into still more, piece.-; and hnIs

become disorielnted. Ban sed oil neasureme nts mad, from Fig. 9b , the

dianet er of tile majo1r ra)ikup area of tile ceramic has inc reasotd to

about 3-3,18 incl's.

Figure 10 slho s i;' O..158-cal iher projectile Impacting all ().375-

inch-thick tile at 10() ft sec and at a .15° angle of incidence. The

projectile shattering is similar to that occurring at normal incid(-nce

(Fig. 8) but a major fracture is oriented across the p.rojecLile and is

caused by the asymmetrical stress distribution. Also, the tile litas the

effect of rotating the projectile. Tt(, area of ceramic btreakup appears

to be similar to that occurring for comparable impact at normal incidence,

but the momentum distribution that would be applied to a backing plate,

were it present, would be quite different.

Figure 11 shows a standard 0.30-caliber projectile impacting an

0.233-inch-thick tile at a velocity of 2400 ft/sec and at normal inci-

dence. A small portion of the tip of the hard steel core has been

shattered and the copper jacket has been partially removed. Based on

measurements made from Fig. llb the diameter of broken ceramic is about

1-1/2 inches. Figure 12 is a repeat of this experiment but with an

impact velocity of 2800 ft/'sec. More of the core tip has been removed

but the diameter of the broken ceramic remains about 1-1/2 inches.

Figure 13 describes the impact when the velocity is 2400 ft/sec

and the ceramic tile is 0.60 inch thick. These records are especially

interesting because, as can be seen in Fig. 13c, the rear surface of

the tile remains flat and parallel to the rear surface of the tile before

impact over a circular area of about 1-1/2 inches in diameter. FiVure 13d

reveals that this portion :ff the tile is a fracture conoid of a height

approximately equal to the tile thickness. A rough measurement of the

0
cone angle is 66 Such conoids have been observeld in glass block.

I
struck at low impact velocity suggesting a simila, --y b-twecn the

mechanics taking part in the glass and ceramic experiments. (This
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similarity is discussed further in tile description of Fig. 20 below.) The

-jacket of tile projectile is completely removed and the core is fractured.

Figure 14 describes a repeat experiment except for the impact velocity

which is 2800 ft/sec. Figure 14b shows a rear surface displi-ement similar

to that in Fig. 13c. The conoid is not as well preserved (Fig. 14c) due

to more extensive fracture. The sizes of the ceramic fracture region.s are

comparable. The fracture conoid assumed in the analytical model is shown

in Fig. 13c.

Figure 15 shows the oblique impact at 2400 ft/sec of an 0.30-caliber

projectile and a ceramic tile 0.60 inch thick, the angle of incidence

being 45 ° . The projectile is rotated by the tile and the emergence of

a fracture conoid can be seen in Fig. 15c.

The experiment recorded by Fig. 13 was repeated before a Beckman

and Whitley 189 framing camera. The underside of the 0.60-inch-thick

tile was sprayed black to form a contrast with the white aluminum

oxide, so that cracks could be seer more clearly. Figure 16 is the

fra-ming camera record showing the breaking of the tile as viewed from

an angle of 100 to the rear surface. Initially a circular crack forms

along with about 16 radial cracks outside the circle. Later another

concentric circular crack of larger diameter appears. The region

inside the inner circular crack is the base of the fracture conoid. In

the annular region are wedges of ceramic connecting the base of the

conoid with the relatively motionless outer portion of the tile. During

the recording period the conoid base moves parallel to itself while the

wedges rotate about the outer circle. This motion corresponds to the

radiograph record (Figs. 13c and 13d) of the identical experiment.

Figure 17 is a framing camera record showing the breakup of an

0.45-inch-thick boron carbide tile as viewed from an angle of 10° to

the rear surface. The rear surface was sprayed white to form a contrast

with the black boron carbide. The tile was impacted at normal incidence

by an 0.30-caliber projectile with a velocity of 2400 ft/sec. It is

seen that the main breakup is confined to the region within a circle

about 1-1/8 inches in diameter. Failure outside this circular region

consists of radial cracks extending to the edi, of the plate. Figure 17

shows that the breakup mechanism is similar to that of aluminum oxide. 1
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i' gur, 18 show s the def o rma tion (f an 0- 2-inch-thick backing plate

of fiber glass, attached to an 0.34-inch-thick aluninum oxide facing

plate, caused by impact at 2.100 ft/ sec with an (.30-calibe'r projectilt'.

Initially the re training region of the backing is contined to the

circular region corresponding to the base circle of the conical fracture

region of thet facing. Because of the ultimate radial spreading of bond

failure the circular region ot backing materi.al increases and allo\ks all

increasing quantity of backing material to be stretched and consequently

to absorb kinetic energ,'. Provided tlhe backing i s not separa ted from

the facing over an entire panel and ,.rovided reasonably larg( d, tlections

are permissible, this is a good stopping meh ani s.

Figure 19 shows the deformation of an 0.25-inch-thick backing plate

of 6061-T6 aluminum alloy, attached to an 0.3,4-inch-thick a lumi rum oxid-

facing plate, caused by impact at 2400 ft/sec with an 0.30-calib_-__

projectile. Most of tie de Cormation is concentrated wi t)Ii ii a ci reul r

region corresponding the base circle of the fracture conoid in th, facing.

Inside this circular region plastic membrane stretching is the principal

energy absorbing mechanism. Outside this circular iregion the backing,

plate displays the opposite curvature and (deformations small enough to

regard plastic bending as a significa.nt energy absorbing mechanism. Th,

radius a assumed in the analytical model is shon.'.

Figure 20 shows the development of a fracture conoid ithin a

1-1/4-inch-thick glass block caused by impact at 350 ft /sec with an

0.30-caliber r 'ounu- -,e projectile of 101j steel. The angle of' the

average cone approximating the conoid is about 50 this compares uilh

the ceramic cone angle of about 660 from Fig. 13. This expriment and

ezrltei' work show that a transparent brittle material such as glass

can be used in appopriately designed experiments to acquire qualitative

information on breakup of opaque ceramic due to proji-etile impact.

The steel was chosen to provide a projectile, material that is softer

bu denser than glass. Also, the impact velocity of 350 It 'sec was

arrived at through several trials to obtain comparablc jfracturo damage

in the g;lan-s and an 0.60-inch-thick ceramic tile impacted at 2400 ft 'se

Lhv an 0.30-caliber AP projectile (see Fi. 13)

22



C. Cone Iuk. ons

From the preceding experimental results and from earlier work

it .s concluded that:

1. The extent of projecti.le breakup increases Nlith ceramic

facing thickness.

2. The major breakup of tile facing is confined to a conoidal
region with a base circle increasing with ceramic thIck-

ness. (Experimental results form the basis for apnrcxi-

mating the radius of this circle by a = ap + 2h( in the

formulation of the analytic model of Section II, where

a is the projectile radius and hc  ±5 the ceramic

tFIckness.)

3. Clear evidence of integral conoidal fractures in

ceramic has been obtained.

4. Qualitativexy, boron carbide tiles break up in a manner

similar to tiiat of qlimini-' o-ide tile.

5. Initial deformation of a flexible backing plate occurs

over a circle approximately equal to the base circle

of the fracture conoid. (This information was Iacc;r-

porated in the analytical model of Section II.)

6. Experiments can be conducted with a brittle tran.qparcnt

facing material such as glass to study the interaction

of opaque ceramics and projectiles.
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0.00usec 41.67

8.33 50.00

16.67 
58.33

25.00 66,67

33.33 7500 GP-lIO33-Al

FIGURE 16 OBLIQUE REAR VIEW OF 0.600-INCH-THICK CERAMIC TILE

IMPACTED AT 2400 FT/SEC BY 0.30-CA!.IBER PROJECTILE
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8 3.3 3,u sec 125.00

91.67 133.33

100.00 1$41.67L-

108.33 150.00

11 .6 '1 8 '3

FIGURE 16 OBLIQUE REAR VIEW OF 0.600 INCH-THICK CERAMIC TILE IMPACTED
AT 2400 FT/SEC BY 0.30-CALIBER PROJECTILE (Concluded)
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0.0Ia AP PROJECTILE

B4C TILE

~X0.43" THICK

18.3364.6

GP-7303-29

FIGURE 17 OBLIQUE REAR VIEW OF 0.3O-CALIBER STANDARD AP PROJECTILE
IMPACTING 0.44 INCH-THICK BORON CARBIDE TILE AT 2400 FT/SEC
8.33 usec Between Frames



FIGU;iE 18 IMPACT AT 2400 FT/SEC OF 0.30-CALIBER PROJFCTILE
AND COMPOSITE ARMOR (0.34-in'ch-Thick Alumnum Oxide
Buoded to 0,25-Inch-Thick Fiber Glass)
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AVh

GLASS BLOCK
1Y." IHICK

0.30calPSO.jECTILE

0.00 p~sec 25.00

8.33 3.3 1

16.67 4.6GP-7.303-30

FIGURE 20 CONOIDAL FRACTURE FORMATION IN A 1%/-INCH-THICK
GLASS BLOCK IMPACTED Al- 350 FT/SEC BY AN 0.30-
CALIBER ROUND-NOSE PROJECTILE OF MILD STEEL
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V IMPACT STRESSES IN ALUMINUM OXIDE

A. Introduction

An aspect of experimental investigation into projectile-armor

interaction that has received little attention is the determination

of the stress wave in a facing plate generated by impact. In this

section experiments are described and results presented to illustrate

the feasibility of msuring the compressive stress profile at the wave

front by means of a piezoresistive manganin stress gage. The stress

profiles, when correlated with the predictions of computer programs,

form a valuable assessment of the constitute equations employed.

Another use of the technique is in ascertaining dynamic material pro-

perties including fracture behavior. This use requires a one-dimensional

or plane strain wave in the facing and is generated by impact with a

flat flyer plate.

B. Description of Experiments

A small 7-shaped piece of manganin foil 1/2-mil thick is centrally

located and sandwiched between two plates of aluminum oxide, as shown

in Fig. 21. Electrical leads from the gage pass through holes in the

rear plate. The 0.458-inch-diameter hard steel projectile strikes the

front plate immediately opposite the gage (Fig. 21a). In the flyer

plate experiments a 50-mil-thick steel flyer is driven by sheet
.

explosive and arranged to strike the entire front surface of the ceramic

simultaneously (Fig. 21b). Further details of the experiments, including

the circuitry, are contained In Appendix B. Upon reaching the gage the

stress wave causes a change in electrical resistance in the manganin,

which has a constant current flowing through it, and the resulting

increase in voltage across the gage is recorded on oscilloscopes. This

*

Detasheet D, manufactured by du Pont.
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rALUMINUM ALUMINUM

OXIDE OXIDE

STEEL PROJECTILE
V - 1450 ft/sec

MANGANIN GAGE MANGANIN GAGE

STEEL FLYER
V = 1675 ft/sec

(a) PROJECTILE EXPERIMENT b) FLYER EXPERIMENT GA730337

FIGURE 21 SCHEMATIC EXPERIMENTAL ARRANGEMENTS

voltage change is proportional to the stress. The response time of the

manganin foil stress gage is about 30 nsec so the wave front is recorded

quite accurately.

C. Experimental Results

From the oscillograms, of which two samples are displayed in Fig. 22,

the peak stresses listed in Table II were obtained. Peak stresses generated

at the impact surface as predicted by one-dimensional linear-elastic theory

were 97 and 84 kbar in the flyer and projectile experiments, indicating

that peak stresses of about 120 kbar recorded a distance of 0.217 inch from

the impact surface are reasonable. Additional confidence in the experimental

technique is obtained from the axisymmetric linear-elastic computer program

predictions of 90, 70, and 45 kbar at distances of 0.217, 0.375, and 0.540

inch from the projectile (compared with about 123, 72, and 43 kbar in

Table II). Also, the decrease in peak stress with distance into the

ceramic is much greater in the case of the projectile impact because

of the "spherical" divergence of the wave. Another observation is the

difference in wave shapes arising in the flyer and projectile experi-

ments as is seen by comparing Figs. 22a and 22b. In the case of flyer

impact (Fig. 22a) the stress rises uniformly to a peak stress of 98 kbar

in about 0.4 &sec and decays approximately in an exponential manner,
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whereas in the case of projectile impact the stress profile exhibits a

plateau for about 1.2 6scc before achieving its peak value of 81 kbar.

The recording time in both cases is about 4 wsec, which corresponds to

the time taken for the wave front to travel to the rear surface of the

rear ceramic tile (0.55 inch thick), where it reflects as a tensile wave,

and back to the manganin.

D. Conclusions

It is concluded that the above study demonstrates the feasibility

of employing manganin stress gages in the study of wave propagation in

facing plates of arwor caused by projectile impact. The stress gages can

also be used for the determination of dynamic material properties by plane

wave experiments.

Table II

PEAK STRESSES (kbar) IN ALUMINIIJh OXIDE

Fron: Tile Steel Flyer Steel Projectilea
Thickness 50-Mils Thick 0.458-Inch Diameter
(inch) 1675 ft/sec Velocity 1-150 ft/sec VelocitV

0.217 122 123
121

0.375 98 63

115 81

0.550 107 43b

aFlat-nosed projectile guided for planar impact.

1Record quality only fair.
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(a) STEEL FLYER, V -1675 FT/SEC

G.P-7 303-36

th) FLAT 4405D SrEEL PROUECT4LE. V *14W F i /SEC

FIGURE 22 MANGANIN GAGE FILCOROS
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Appendix A

IMPULSIVE NK)TION OF AN ELASTIC MEMI,3ANE

The motion of a uniform memubriane of i-adiu: a U hi , a CO llstalnt

tension S per unit arc length is governed by the partial differential

equation

1 1
Y + .- v -k A-l)
'rr r -r 2 tt

c

2
where v(r,t) is the transverse deflection and c S'm (see Fig. A-la).

III (A-1), subscripts denote partial differentiation with respect to the

space and time coordinates r and t. The mass m per unit area of

membrane is taken to be the sum of the mass m per unit area of the

membrane itself, a uniform layer of attached mass m per unit area
C

(broken up ceramic), and the mass m per unit area of a projectile of
p

mass M assumed uniformly distributed over the membrane.
P

The effect of the projectile-ceramic impact is assum,2d to be the

creation of an initial velocity

Yt (ro) - V J ( 0r) (A-2)

as sketched in Fig. A-11b where J isa Bessel function of zero order

and I is a number such that J (\ a) = 0. An initial velocity distri-
0 0 0

bution of this form is not an unreasonable approximation to reality but

the particular choice of function is motivated by the simplification

that results in the solution of (A-l); (A-2) reduces the solution to the

first mode or eigenfunction. The appropriate boundary condition is

y(a,t) -- 0 (A-3)
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By represehont ing the solut ion as the product of two t'jnt i on.

y(r,t) ( R r) T(t) (A-.l

it follows from (A-1) that

9

R ''/R , l'/rR = T "'/c 2T 2 -

where the primes denote differentiation and is a constant, as yet

undetermined. Hence H and T must satisfy the equations

9

R .1+ Rl/r + kP [R 0 (A--5)

T 2 2T' 2 c, 2 T = 0 (A-6)

The solutions of (A-5) and (A-6) are

R = A J (Qr) + B Y (Xir) (A-7)
0 0

T = C sinkct + D cos)ct (A-S)

For a membrane initially al rest, that is, y(r,o) = 0, it follows

from (A-S) that D = 0. Since Y ( Kr) becomes infinite as r approaches
0

zero its coefficient must be set equal to zero for finite displacements

at the plate center; hence B 0. The boundary condition (A-3), for

nontrivial solutions, is satisfied if J (Qa) = 0, which has infinitely
th

many roots. Naming the n root ) , the solution is

y(r,:) = A C J (Q r) s.n7 ct (A-9)
0 n n o n n

which represents the sum of th, eigenfunctions corresponding to the

eigenvalues "
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Time different,at ion of (A-9) y'1tlds the vx'loclty tth the in!til

value of

vt(r,o) = c - \ A C J (K r) (A-10)
-t n n nI 0 n

Since the specified initial velocity is (A-2) , it follows from the

orthogonality property of the eigenfunctions J (0. r) that c* A B = V0 Ii 00 0

and A [3 0, n / 0. Hencen ili

y(r,t) = [Va/co(. a)JJ 0 0r) sin.o ct (A-11)

where the first zero of J 00 a) gives 0 a 2.405.

The maximum deflection 6 occurs at the center when motion ceases

at time t = a/c(X 0 a) and since J (o) = 1, (A-11) gives

. = Va/c( . a)

Space differentiation of (A-11) yields the slope yr which nas a

magnitude maximum e at a radius r given by max[-J(\ r)]
mn 0 0

max J I r) = 0.582 and at time t = 7a/c(k a). Thus r /a r /. a10 0 m o m ~o
1.8/2.4 = 0.75 and

P = (V/c) • J 1(r) (A-12)

- y~2/
The radial strain in the membrane can be shown to be y /2.

r r

Consequently, by (A-12), the maximum strain is

max r = (V/c)2 J 2( or) 2 (A-13)
r 1 0o

The velocity V is now related to the projectile velocity V p

and mass M by equating the initial monntum of the membrane to the
p

projectile momc tum. Thus

a

mV J( r) 2-r dr M V
4pp
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which gives

V p (m filC f l p 0o J 1 0 p

i Boyi substituting V from (A-14I) alld c - --- s 'il ,mj + ,I ill

max ; (, a-- )j r* 2J a a)~ 2 , /(m m m~ ),1%"/2S (A1-15)

Finally, to exhibit the effect of the membrane radius upon the maximum

strain, (A-15) is written as

Max [.a)J Qr ) 2J 0, ) 2j(M V2)2
r o 1 om 1 0aj[, + (m m -+ m c 2- /2/2

(A -1!6)

The above analysis is applicable to a rigid-perfectly plastic

membrane of maximum permissible tension S because the choice of initial

velocity distribution ensures loading of all membrane elements until the

motion ceases. Thereafter, unloading occurs arid the theory is no longer

applicable to a rigid-plastic membrane. However, our interest is in the

first loading phase of the membrane.

(a)

GA- 730 -4

FIGURE A-i STRETCHED CIRCULAR MEMBRANE
(a) Coordinates, (b) Initial Velocity Distribution
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A pp'ndix B

PRESSUIE MEASUstWMENTS WITI! MANGANIN ,AGE.

A. In tIrodcItionl

The experimenta method used to measure dynamic pressure makes

use of the piezoresistive property of manganin. For the pressure Iargt(

of interest in pro.jectile-armor impact the pressure-resistanco relattlo:,-

ship in manganin is linear and well-defined. This relationsluip is

1 /R
k It

where p is pressure in kbar, k 0.0028 kbar -1 iF the change in

electrical res..stance due to the change in pressure, ann R is the

initial resistance of the specimen. In this stress range electrical

inductance effects are small. Hence, for a mangrin ,pecimuni through

which a slowly varying current is flowing, the fractional change in

resistance due to a change In pressure is well-approximated by the

fractional change in voltage across the specimen. The dynamic pressure

is thus determined by measuring the fractional change in voltage and

employing the relation

1 AV
r = (B-1)

k V

where I',V is the change in voltage due to the change in pressure ana

V is the initial voltage.

Manganin is embedded in the material through which the pressure

pulse travels. Since the manganln pressure-resistance relationshi p is

independenit of temperature and insensiti-c to final press:urc and volume,

Eq. (3-I) is valid for any embedding material- Measurements reported

in Section V were m1ade with manga:nin foil sandwiched bet een t so c(ramic

1.iles.
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Figutre It-1a shlos t he laveirri collstrinct ior of tllhr iiarrIrli 11-(21 1ni C

gat"e. rii., rangpazrin, a oile-pltc(- -a iternl (Vi:. II-Ib) of 0() 1 )05-iineit

thick f oilI, is Sanld ICchc between t ko 3-1CI Ih qlra r C( cr aIlib: t i 1(.!

gage' S corstrtIcltedi byN drli Ilil Iu bour It(- 1"i ll oil(- t i I( atI poillt!

co~rre'sponlding to the four tip!s of the - pat te-rn. Th1w 11rianganlin io I is

t hen bonrded to th titile w'it h a t h in laYer of 1C-7 (1 )oXv antd t hitr t ipS( Of

the foil1 a re bent down iniito tihe holIes ; thew hole (s arI,( thfit Ii Id \,'I i t I

an elc ctiical ly condurct ing dental1 arrmalguru. coppl-r %%i ye s e Ihi(,ddi-d

in the amalg um from the bacA side of' the tile providinig four elzb-ct rica I

connti tion I to 1:tie IIIa g a nini foil I. Tbe (Seconrd tle i 5 the h oiided to t hr.

first tile with another thini laye(-r of C2-7 epoxyv to complet - the 1,g!,

construction.

C. Experimental Arran-gements

For gages impacted by steel fliye-r plates tlu experimenital con-

figuration shown in Fig. 13-2 was used. The flyer plate cove~red wkith

slreet explosive is suspended above thc gage by four thi-n alum~inluml tabs

attached to a wooden framie (Fig. B-2a) .Detonation of the explosive

accelerates the fClyer plate towkard the gage but also causes tire plate

to undergo an angular displacement. To achieve a simultaneous impact

the gage is tilted by this same angle during the experimental setup as

shown in Fig. 2b.

For gages impacted by a flat-nosed steel projectile, the experi-

mental configuration shown inl Fig. B-3 was tused . After the project ile

leaves the barrel its flight is confined by three parallel stee i guid~es

spaced 120) apart circumferent ial lY around tire projectile. Tis assures

a planar Impact betweeni tile nose of the projectile arid the(- target face.

he fore, the projectile imipinges on the target it passes t brotg air

elect rical swkitch thrat trigge rs tihe measuring i rcui t

1). IristrUMen1tat ion

The re sistance of' tliu nanganrir toil as a [wnct fo of time is

de fermilred bY Inca sri l ng tilt, volt age across the( mian gait in spe-c ire vii
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hrolili %%hich a Constanut cureent, is F lowki ig -'b is accompliilhed iVit h

t,~ circeui t illustrated schem t ical1ly In Fig . D-4.

LThe power'] su pp lvN i" a I IC c rC .rtwit kiJ ah1 t inme coils( al at linch Ilnger

than the dlurat ion o f the prtessti1' pulses of intere-st, A I).C. pose(r !-izmfl v

:ii~She c~ipnci t or. Closi ag swi tch I dol -chIrges the C;Ipl1ct0Fito ili o

26--k.. resi stor and through the pow2 r leads to the manganin foil pr-oviding

a nea ri conist ant currenit thIirough t lie- fol1. For fl1yi ng nl ate e xpe r iments5

switch 1 is closed at the same time anl electrical pulse is applicd to

the detonator. For flat-nosed projectile experimient s switch I is closed

whien the project ile strikes the triggering switch . fhie power supply

remains on for a preset duration and is tnen shorted out by closing

sw itch 2 after the pressure pulse has passed the sensing element of the

gage . Hence a nearlY constaint current is flow'ing through the foil 101or

the duration of the pressure pulse.

The voltage across the sensing element of the manganin foil is

measured across the signal leads. Oscilloscope 1 displays the voltage

across the signal leads beginning just before the power supply is turnIed

onl and ending just after it is turned off. The arrival of the pressure

pulse is illustr~ated onl oscilloscope 1 in Fig. B-4.

A more accurate mezpsurement of the amplitude of the pressure pulse

is made by oscilloscope 2. This displays the difference be ween the

signal shown on oscilloscope 1 and the same signal that has beev delayed;

displacement on oscilloscope 2 is due only to the pressure pulse itself

and not to the turn-on voltage. By employing this technique the offset

voltagec can be amplified foi more accurate measurement.

Permanent records of the oscilloscope displays are obtained by-,

Polaroid cameras attached to the oscilloscopes. Th,,? initial voltage

V is read from oscil loscope 1 and the change in voltage ',V is read

from oscilloscope 2. The pressure is calculated from Eq. (b-1)

5 ~3
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SENSING
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0.03"

S0.09"1-- - --

0.03"" - 0.03"
GA-7303.. 24

(bi MANGANIN FOIL r PATTERN

FIGURE B-- MANGANIN-CERAMIC GAGE
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FIGURE B-2 EXPERIMENTAL CONFIGURATION FOR FL.YING PLATES



GAGE

LEADS GID .5"BRE

TRIGGEING 
L4ETNATOR

SWAITCH

BREECH BLOCK GA-7303-26

FIGURE B-3 EXPERIMENTAL CONFIGURATION FOR FLAl-NOSED PROJECTILES

56



--

0.5-mil -THICK
MANGANIN FOIL

SCHEMAIC, TRIGGERED
POWER SUPPLY

500 v

MANGANIN I-OIL

T IL L 26 k!

51 !2 CABLE SW ITCH 1 --jf --- "-

RG-58 SWITCH 2"

51 51 . CABLE

- RG-58

SCOPE 1 -]

92 ! 51 12 51 !.) CABLE TURN-ON AND

-A "_ RG-8 A SIGNAL VOL'AGE

0
51 - TEKI RONIX

TYPE 543 B SCOPES
TYPE iA5 PRFAMPS

SCOPE 2

3000 ft OF
51 L2 CABLE

OFFSETRG- -O A SIGNAL
51 2 8A/U AMPLIFIED

{51 S2

4 5.ses DELAY
(9 .2 (Ic RESISTANCE)

(,A-6591 15.4A

FIGURE B-4 ELECTRICAL CIRCUITRY FOR DISPLAYING VOLTAGE AND VOLTAGE

CHANGE (V and AV)
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